A role of the guard cell chloroplasts in the CO2 response of stomata was investigated through a comparison of the leaf gas exchange characteristics of two closely related orchids: Paphiopedilum harrisianum, which lacks guard cell chloroplasts and Phragmipedium longifolium, which has chlorophyllous guard cells. Leaves of both species had an apparent quantum yield for assimilation of about 0.05, with photosynthesis saturating at 0300 to 0.400 millimoles per square meter per second. CO2 curves were obtained by measuring steady-state assimilation and stomatal conductance under 0.180 or 0.053 millimoles per square meter per second white light, or darkness, at 0 to 400 microliters per liter ambient CO2. The response of assimilation to changes in CO2 was similar in the two species, but the response of conductance was consistently weaker in Paphiopedilum than in Phragmipedium. The data suggest involvement of guard cell chloroplasts in the stomatal response to CO2 and in the coupling of assimilation and conductance in the intact leaf.
Stomatal apertures in the intact leaf are determined by the integrated response of guard cells to diverse stimuli, including the intercellular concentration of CO2 (ci). Although the physiological responses of stomata to CO2 are well characterized, little is known about the underlying mechanism. Energy dependent quenching of Chl a fluorescence in guard cells is inhibited by C02 (10) indicating that CO2 may influence stomatal opening through a modulation of guard cell energy relations.
Experiments on epidermal peels of Commelina communes (19) and the Argentum mutant ofPisum sativum (6) and gas exchange experiments on both C3 (11, 14, 18) and C4 species (1) demonstrate that the light and CO2 responses of stomata are interactive, as would be expected from a CO2 modulation of guard cell chloroplast activity. In agreement with this hypothesis, there is no significant light-CO2 interaction in the CO2 response of achlorophyllous (13) isolated stomata of Paphiopedilum (26) .
Fluence rate response curves obtained from gas exchange experiments on P. insigne (27) In the present study, the leaf gas exchange characteristics of the closely related orchids Paphiopedilum harrisianum, which lacks guard cell chloroplasts (5, 13) , and Phragmipedium longifolium, which contains guard cell chloroplasts (5) , were analyzed to investigate the role of guard cell chloroplasts in the leaf stomatal response to CO2. The results provide additional evidence for an involvement of these organelles in C02-mediated stomatal movements.
MATERIALS AND METHODS
Plants of Paphiopedilum harrisianum G.S. Ball and Phragmipedium longifolium were purchased from a commercial supplier and grown under identical greenhouse conditions for a period ofseveral months before the initiation ofthe experiments. Ph. longifolium has been incorrectly reported previously as Phragmipedium vitattum (2, 27) . Daytime temperature was 20 ± 50C and RH was approximately 50%. Natural sunlight was filtered through a plastic diffuser to maintain irradiances below 0.750 mmol m-2 s -'. Plants were misted daily, and fertilized weekly with Spoonit Orchard Food (Plantsmith, Mountain View, CA).
Gas exchange characteristics were measured in a differential system (22 Responses to CO2. Absolute rates of assimilation were slightly higher in Phragmipedium than Paphiopedilum, but the A versus ci curves for the two species were essentially parallel, particularly at the lower fluence rate ( At both light levels, Phragmipedium exhibited a greater overall change in stomatal conductance with a change in ci than did Paphiopedilum (Fig. 2, c and d ). At the higher light intensity, conductance in Phragmipedium increased from 106 to 176 mmol m-2s'l (A = 70mmol m-2s-') as c, was decreased from 300 to 100 uI-', while in Paphiopedilum conductance changed from 31 to 46mmol m-2s-' (A = 15 mmol m-2 s-'). At the low light intensity, conductances of both species were lower than at the higher fluence rates but the difference between the relative responses of the two species to ci was even larger than at the high irradiance. Between 300 and100 ul 1' ci, conductance in Phragmipedium increased from 39 to 134 mmol m 2 s-' (A = 95 mmol m-2 s-'), a 244% increase, while conductance in Paphiopedilum changed from a similar initial value of 31 to 45 mmol m-2s_' (A = 14mmol m-2 s-'), an increase of only 45%. Plots of assimilation versus conductance at the two light intensities (Fig. 3, a and b) illustrate a stronger coupling of these two parameters in Phragmipedium than in Paphiopedilum. Finally, Phragmipedium also exhibited a stronger stomatal response to CO2 than Paphiopedilum in darkness (Fig. 2, c and d ). The present comparative study of the gas exchange properties of Paphiopedilum and Phragmipedium provided us with an opportunity to reexamine these issues. The unusual properties of the achlorophyllous stomata of Paphiopedilum, which fail to respond to red light in isolation (26) and have a reduced sensitivity to red light in the intact leaf (27) (Table I , column e). In neither species, however, is ciconstant (Table I , columns b and c), in agreement with data from other species (3) indicating that maintenance of a constant ci is not a common feature of leaves. The magnitude of the closed loop gain is 0.7 to 0.9, substantially different from the value of 0 which would be expected if stomata responded so as to maintain ciconstant.
Curves ofA versus g (Fig. 3, a and b) indicate that the coupling between conductance and assimilation is weaker in Paphiopedilum than Phragmipedium at both fluence rates. In both species, but particularly in Phragmipedium, the coupling is stronger at the lower light intensity, in agreement with gas exchange data on Commelina showing a higher CO2 sensitivity at lower fluence rates (1 1). (27) and lack of guard cell chloroplasts in this orchid are better understood as an ecophysiological strategy than as an anomaly.
Previous studies using both epidermal peels (26) and intact leaves (13) indicated that Paphiopedilum stomata can respond to C02; the changes in stomatal conductance as a function of c, both under illumination and in darkness (Fig. 1, a-d ) confirm those observations. In the absence of any information on the mode of action of CO2 in guard cells, it remains to be established whether the 'light' and 'dark' CO2 responses of stomata are two expressions of a common metabolic feature or whether they represent two different receptor sites for CO2. An analysis of fluorescence transients in guard cell chloroplasts has shown a CO2 sensitivity consistent with a CO2 modulation of photophosphorylation in guard cells (10) , a feature which would be optimally suited for a regulation of stomatal conductances by ci in illuminated leaves (25) . Such a mechanism would be absent in Paphiopedilum and the light-independent CO2 responses in this genus would be mediated by a different receptor site, presumably at the cell membrane (see 25 for review). Alternatively, the guard cell chloroplast could be insensitive to ci, and the CO2 sensitivity of fluorescence transients could be a secondary effect resulting from a primary modulation of ion fluxes by CO2 (8) . Further studies on the mode of action of CO2 in guard cells are needed to elucidate these questions.
Irrespective of the underlying metabolic events in the guard cells, the comparison of the CO2 sensitivity of the achlorophyllous stomata of Paphiopedilum and its relative Phragmipedium underscores the physiological role of guard cell chloroplasts in stomatal function and the coupling between mesophyll photosynthesis and stomatal conductance in the intact leaf.
